An investigation was initiated to study the mechanical properties and microstructural evolution of nanocrystalline titanium in the temperature range of 473-923 K after processing by high-pressure torsion (HPT) under a pressure of 5.0 GPa for up to 10 turns. The results show there is a significant improvement in both the tensile strength and the ductility in nanocrystalline Ti by comparison with coarse-grained (CG) Ti at elevated temperatures. The strength of HPT-processed Ti drops to that of CG Ti at temperatures above 773 K because of grain growth. An investigation of the mechanical behaviour at elevated temperatures reveals an increasing-decreasing-increasing trend in the elongations to failure with increasing temperature.
Introduction
Titanium (Ti) is an excellent metal for use in various areas of mechanical engineering and bioengineering due to its high corrosion resistance and biocompatibility [1, 2] . Since pure Ti has low strength, alloying with other elements is generally used to increase its mechanical strength but this may lead to a degradation in the corrosion resistance and biocompatibility. This problem is especially acute for Ti because it is widely used for orthopedic and dental implants [3, 4] . Nevertheless, it is now well established that achieving grain refinement through severe plastic deformation (SPD) may significantly improve the strength of metallic materials [5] [6] [7] and this includes pure Ti. In practice, these SPD processes are capable of hardening pure Ti whilst avoiding the additions of either solutes as in solid solution hardening or second phases as in precipitation hardening. It is reasonable to anticipate, therefore, that pure Ti processed by SPD will have high specific strength, high corrosion resistance and biocompatibility and therefore it will be an excellent candidate material for use in structural and bio-implant applications.
There are several different SPD techniques [8, 9] , but experiments show that processing by high-pressure torsion (HPT) is advantageous among these procedures because it produces materials having exceptionally small grain sizes [10, 11] and larger fractions of grain boundaries having high angles of misorientation [12] . In this procedure, a disk-shaped specimen is deformed by simple shear between two anvils where it is constrained under a high pressure and subjected to concurrent torsional straining [6] .
The post-deformation of nanostructured metals is important for producing desired shapes.
Most nanostructured metals and alloys are reported to have high strengths but low ductilities [13] and therefore selecting appropriate high temperature operations may result in both good ductilities and high strengths. By contrast, very high temperatures or low strain rates may lead to increased recovery and thereby reduce the hardness. Although the formability can be improved at elevated temperatures, a manufacturing process at warm temperatures is more economical and thus more desirable and also may reduce the oxidizing condition [14] .
There are several reports on the effect of HPT processing on the microstructure and mechanical properties of commercial purity (CP) Ti [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] but there are very few reports on the high temperature mechanical properties of Ti after HPT. It was reported that during tensile tests at 673 and 873 K the flow stress was significantly reduced by comparison with HPTprocessed samples due to easier dislocation movement and grain growth and elongations to failure of ~60% and >60% was reported at 673 and 873 K, respectively [27] . In addition, it was shown that tensile testing of HPT-processed Ti at 523 K produced very high strength but significantly reduced ductility after 1 turn but there was increased ductility (up to 38%) and slightly increased strength (up to 800 MPa) after 5 turns [28] . The mechanical testing of CP Ti at 673 K showed a maximum elongation to failure of ~130% at a strain rate of 1.0 × 10 -4 s -1 for a specimen processed by HPT through 10 turns [29] and this is consistent with a recent review demonstrating the ability to achieve higher ductilities by conducting SPD processing to very high strains [30] .
Based on the limited information at present available on the high temperature properties of HPT-processed Ti, the present research was initiated with the objective of evaluating the evolution of microstructure and the mechanical properties of CP Ti in the temperature range of 473-923 K after processing by HPT.
Experimental material and procedures
The experiments were conducted using CP grade 2 titanium (99.2 % purity) that was received in the form of rods having diameters of 10.0 mm. These rods were annealed for 2 h at 973 K under an Ar-controlled atmosphere, furnace cooled and then cut into disks with thicknesses of ~0.8 mm. All disks were processed by HPT at room temperature under an applied pressure, P, of 5.0 GPa, a rotation speed of 1 rpm and torsional straining through numbers of revolutions, N, of 1, 5 and 10 turns. The HPT facility operated under quasiconstrained conditions in which there is a small outflow of material around the periphery of the disk during the processing operation [31, 32] .
Following HPT, each disk was polished to a mirror-like quality and hardness measurements were taken using a Vickers microhardness tester with a load of 500 gf and a dwell time of 10 s. The average microhardness values, Hv, were measured along randomly selected diameters on each disk. These measurements were taken at intervals of 0.5 mm, and at every point the local value of Hv was obtained from the average of four separate hardness values. X-ray diffraction (XRD) (Rigaku SmartLab) was used to study the phases after HPT employing Cu Kα radiation (wavelength λ = 0.154 nm) at 45 kV and a tube current of 200 mA.
The XRD measurements were carried out over an angular 2θ range from 30° to 90° using a scanning step of 0.01° and a scanning speed of 2 deg min -1 . Differential scanning calorimetery (DSC) analysis was performed with a Mettler-Toledo instrument using non-isothermal (scanning) experiments upon heating at a scanning rate of 10 K min -1 in the temperature range of 298-773 K. Sample areas with diameters of 3 mm located near the edges of the disks were analyzed using DSC and XRD. A foil was prepared for scanning transmission electron microscopy (STEM) using a focused ion beam (FIB) facility (Zeiss Nvision 40) at 3 mm from the disk centre in the normal section of the disk so that the normal of the image was in the shear direction.
Two miniature tensile specimens were cut from symmetric off-centre positions in each disk near the edges using electro-discharge machining. This specimen configuration was described earlier with gauge dimensions of 1.1 × 1.0 × 0.6 mm 3 [33] . The mechanical properties were examined at room temperature after HPT processing through different numbers of turns and at elevated temperatures in the range from 473 to 923 K at 50 K intervals. In addition, and for comparison purposes, the mechanical properties of annealed coarse-grained (CG) Ti were examined in the temperature range of 473 to 873 K at 100 K intervals. All specimens were heated rapidly to the testing temperature, typically in a time of ~5-10 min, and then held for 10 min to reach a uniform temperature prior to testing. Stress-strain curves were recorded using an initial strain rate of 1.0 × 10 -3 s -1 . The stress-strain curves were plotted for each specimen and the yield stress (YS) and ultimate tensile strength (UTS) were then measured from each curve. At least two samples were tested for each condition. All elongations were carefully calculated by measuring the gauge lengths before and after tensile testing using an optical microscope.
The microstructures of samples after tensile testing at elevated temperatures were characterized by scanning electron microscopy (SEM) and electron backscattered diffraction (EBSD) analysis using a JSM6500F thermal field emission scanning electron microscope. The EBSD patterns were collecting using step sizes of 45, 180 and 450 nm for the samples pulled to failure at 673, 773 and 873 K, respectively. Low-angle grain boundaries (LAGBs) were defined as boundaries having misorientation differences between adjacent measuring points within the range from 2 to 15 o and high-angle grain boundaries (HAGBs) had misorientation differences of more than 15 . A clean-up procedure including grain dilatation and grain confidence index standardization was performed on each EBSD image such that the total numbers of modified points were less than 20 % for all measured points.
Experimental results

Microstructures and mechanical properties after HPT processing
The results for the corresponding Vickers microhardness measurements are shown in Fig.   1 (a) for a rotation speed of 1 rpm after processing through different numbers of turns with the average values of Hv plotted along each disk diameter and with the lower dashed line at Hv 170 corresponding to the initial hardness in the annealed condition. Inspection of Fig. 1(a) shows that the hardness at the edges of the disks increases significantly after 1 turn such that, with reference to the annealed condition, there is an increase in the hardness value by a factor of ~1.7 up to Hv 280. By contrast, the hardness in the centre of the disks increases only from the annealed value of Hv ≈ 170 to a value of Hv 230. The hardness values at the peripheries of the disks increase up to Hv 300 after 5 and 10 turns and in the centres the hardness values gradually increase up to Hv 280 with increasing N to 10 turns. These results confirm the development of a gradual evolution in hardness across the disk diameters with increasing torsional straining. Although, the hardness is lower at the centre than at the edges of the disk at N = 1, the hardness tends to become more homogeneous with increasing numbers of turns. Figure 1(b) shows the X-ray diffraction patterns at the edges of the disks of the CP-Ti after HPT for different numbers of rotations. Earlier results in a fully-annealed condition without HPT processing showed that, as anticipated, the initial microstructure consisted only of the αphase Ti. Nevertheless, ω-phase peaks, with the main peak position corresponding to the (101) at the 2θ = 39° coordinate, are clearly revealed after processing by HPT for 5 turns and this confirms the occurrence of an α to ω transformation. It is well known that the α to ω-phase transformation occurs under high pressure at ambient temperature but the resultant ω-phase is not stable [34] . Also, straining under a high pressure leads to the formation and stabilization of the ω-phase at ambient conditions [22] [23] [24] [25] . The crystal structure of the ω-phase is based on a regular hexagonal closed-packed atomic lattice but with an open structure in which there are only 3 atoms per unit cell at the (0, 0, 0), (1/2, 2/3, c/2a), and (2/3, 1/3, c/2a) positions where c and a are the lattice parameters. This phase transformation significantly affects the mechanical properties of Ti and leads to an increase in the hardness and strength [22, 23] . The present results in Fig. 1(b) show that the intensities of the ω-phase peaks increase with increasing torsional straining. The volume fractions of the ω-phase after HPT processing were calculated using standard procedures [35] and these calculations showed that the ω-phase volume fraction increased from 0 to ~27% when the numbers of rotations increased from 1 to 10 turns.
The microstructure of CP-Ti before and after 10 turns of HPT processing are recorded in Fig. 2 at distances of about 3 mm from the disk centres. The microstructure before HPT processing in Fig. 2(a) is typical of a fully-annealed sample consisting of equiaxed grains with an average grain size of ~65 μm. After 10 turns of HPT processing in Fig. 2(b) , the microstructure consists of small equiaxed grains with an average nanocrystalline size of ~70 nm and with many of the grains surrounded by curved or ill-defined grain boundaries. Much strain contrast is visible within these very small grains and this is associated with the presence of dislocations. Observations of diffuse boundaries between highly-deformed grains is typical of the microstructures generally visible after SPD processing due to the presence of many nonequilibrium boundaries containing extrinsic dislocations [36] .
The stress-strain curves for the CP-Ti tested at room temperature are shown in Fig. 3 for an initial strain rate of 1.0 × 10 -3 s -1 in the fully-annealed condition where N = 0 and after processing by HPT through 1, 5 and 10 turns. It is apparent that HPT processing of CP-Ti leads to a significant increase in strength but a sharp decrease in ductility. Furthermore, there is a minor increase in strength but a major decrease in ductility with additional straining. Thus, the highest strength of ~945 MPa and the lowest elongation of ~9% correspond to the sample processed through 10 turns.
Mechanical properties and microstructural evolution at elevated temperatures
The stress-strain curves at elevated temperatures (473-923 K) for HPT-processed samples after 10 turns and for annealed CG samples at an initial strain rate of 1.0 × 10 -3 s -1 are shown in the CG and the nanocrystalline material. For the elongations to failure, both the annealed CG Ti and the nanocrystalline Ti show an increase with increasing temperature up to about 673 K and then a slight decrease to 773 K followed by a further increase. These results clearly show a very significant improvement in the mechanical properties of CP-Ti at elevated temperatures after HPT processing with elongations of more than 100% at temperatures at and above about 573 K.
Non-isothermal DSC measurements are shown in Fig. 6(a) for the CP Ti at the edge of a disk processed through 10 turns and these results suggest the appearance of an exothermic peak on the DSC thermogram which disappears during heating in the second run. The appearance of the exothermic peak is related to the occurrence of recovery and recrystallization after HPT processing and the curve suggests that recovery and recrystallization start at temperatures of ~556 K and ~650 K, respectively. Fig. 6(b) shows results for Vickers microhardness measurements in the grip sections of the samples plotted after tensile testing at different temperatures following HPT processing through 10 turns. This plot confirms that the hardness of the nanocrystalline Ti decreases slightly after holding at high temperatures up to 623 K due to activation of a recovery mechanism and then it decreases significantly at higher temperatures due to the occurrence of recrystallization up to 773 K. Finally, the hardness reaches the level of the fully-annealed condition after 873 K due to grain growth. A general inspection of Fig. 6 shows that there is a good correlation between the DSC results in Fig. 6 (a) and the microhardness measurements in Fig. 6(b) .
The microstructures of nanocrystalline samples pulled to failure at 673, 773 and 873 K are shown in Fig. 7 where these micrographs were recorded within the gauge sections but very close to the fracture points. These images show that the microstructures of the samples deformed at 673 and 773 K consist of equiaxed fine grains whereas after tension at 873 K there are elongated coarse grains. Thus, the grain size increases with increasing test temperature and it is important to note also that some small cavities are visible in the microstructure of the sample deformed at 773 K whereas there appeared to be no cavitation in the samples tested at higher temperatures. Figure 8 shows the EBSD-orientation images of tensile specimens after testing at 673, 773 and 873 K for the grip section shown in the left column and the gauge area shown in the right column: information on the grain sizes, d, and the fractions of HAGB and LAGB are given along the lower edge of each image. A homogeneous equiaxed microstructure with random crystallographic orientations was present in the grip section after testing at 673-873 K and in the gauge section after testing at 673 and 773 K. A comparison of the undeformed and deformed microstructures in Fig. 8 (a) and (b) reveals the presence of slightly larger grains in the gauge section and therefore in the deformed region and most of these grains are reasonably equiaxed although the specimen was deformed to an elongation of ~130%. In Fig. 8 (c) and (d) the grains are equiaxed in both areas of the sample at 773 K with similar grain sizes close to ~ 1 μm and in Fig. 8 (e ) and (f) there is very significant grain coarsening to ~9 m in the gauge section at 873 K and the fraction of LAGBs tends to increase after tensile deformation at this temperature.
Discussion
In order to obtain large deformation, it is necessary to deform CP-Ti at higher temperatures where non-basal slip systems become activated to provide improved ductility [37] . This situation is more critical in nanostructured Ti where there is high strength and low ductility.
The hexagonal close-packed α-phase is the stable phase during deformation of both CG and nanocrystalline Ti at elevated temperatures (473-923 K) because there is an ω to α reverse phase transformation at temperatures above ~423 K [22] and an α to β phase transformation with a body-centered cubic crystal structure at temperatures above ~1155 K [34] .
In the following sections, the mechanical properties and microstructures are examined within different temperature ranges.
Mechanical behavior and microstructural evolution at temperatures below 673 K
Deformation twinning is the primary deformation mechanism at low temperatures but no twins are observed when the temperature reaches ~523 K [37] . As the temperature increases, the numbers of twins decrease dramatically so that slip becomes the dominant deformation mechanism accommodating the tensile strain. This explains the absence of twinning in this study in the microstructures of specimens tested at temperatures at and above 673 K (Figs. 7 and 8).
It is apparent from Fig. 4(a) that nanocrystalline Ti shows significant strain hardening at the lower testing temperatures below ~673 K which suggests that dislocations accumulate in the recovered microstructure during deformation at these temperatures. The microstructural observations demonstrate that recrystallization starts at 673 K and this will lead to the nucleation and growth of fine dislocation-free grains [38] . The ultrafine-grained (UFG) microstructure visible after testing at 673 K and also the Vickers microhardness values plotted in Fig. 6 provide confirmation that this temperature is close to the onset of recrystallization.
However, a comparison of Figs 8(a) and (b)
shows that the grain size in the gauge area is significantly larger than in the grip area. In practice, the temperature for the onset of recrystallization decreases as the strain increases [38] and the stored energy during mechanical testing, which provides the driving force for recrystallization, increases with strain. Therefore, nucleation and growth are more rapid and occur at a lower temperature in the deformed material, thereby leading to the formation of larger grains in the deformed part of the sample after testing at 673 K.
The results in Fig. 5(b) show that the elongations to failure increase with temperature to an initial peak value at 673 K where this is due to the very small grain size produced by HPT processing and the recrystallization during heating. In addition, the occurrence of dynamic recovery may accommodate the strain during testing and lead to a high elongation at 673 K.
Mechanical behavior and microstructural evolution at temperatures from 673 to 773 K
In this temperature range the samples show a steady-state flow behavior and the elongations to failure decrease with a further increase in temperature to 773 K. During the initial stages of deformation, there is an increase in the flow stress as dislocations interact and multiply in the recrystallized microstructure. At a certain strain, the rates of strain hardening and recovery reach a dynamic equilibrium, the dislocation density remains constant and a steady-state flow stress is obtained [38] . Such behavior is observed in Fig. 4 for the test at 773 K. The fundamental mechanisms of dynamic recovery are dislocation climb, cross-slip and glide and this leads to the formation of LAGBs as in static recovery [38] . This is reflected by the higher volume fraction of LAGBs in the gauge length (14%) by comparison with the undeformed grip section (8%).
Nevertheless, the formation of a grain size of <1μm may lead to changes in the deformation mechanism and the advent of some limited grain boundary sliding. Thus, grain refinement during static recrystallization before the tensile testing may facilitate the occurrence of sliding and thereby reduce the effective stress leading to flow softening.
The presence of equiaxed grains in both the undeformed and deformed parts of the sample at 773 K, as shown in Fig. 8(c) and (d) , suggests that sliding may occur at this temperature but the relatively low elongation of ~100% suggest that sliding is not the rate-controlling mechanism under these conditions. During grain boundary sliding, the individual grains flow over each other in response to the applied stress but sliding cannot occur in isolation without opening up cavities in the material [39] and the growth and coalescence of voids under the applied stress will lead to significant decreases in the elongations to failure [40] . The occurrence of cavitation is clearly evident in the microstructure of the sample tested at 773 K as shown in Fig 7(b) and this is consistent with the decreased elongation to failure at this temperature.
It is important to recognize that a lower elongation was also attained in the CG material after testing at 773 K as shown in Fig. 5(b) . This drop in elongation is associated with the classic "blue brittle" temperature [41.42] that is widely documented in Ti where minimum elongations occur at temperatures of ~750 K when testing at normal crosshead speeds. Thus, the results in Fig. 5(b) show that both CG and UFG Ti exhibit elongation drops at 773 K and then increases at temperatures above 773 K but the UFG Ti exhibits higher elongations to failure than the CG material. These results suggest that a UFG microstructure is probably beneficial in diminishing the blue brittleness effect.
It is important to note also that there was no evidence for dynamic recrystallization at testing temperatures of 673-773 K. It is evident from Fig. 4(a) that the stress-strain curves in dynamic recrystallization generally exhibit a broad peak and this is different from the plateau which is characteristic of a material experiencing only dynamic recovery. Thus, it is reasonable to conclude there is no driving force for dynamic recrystallization during deformation at 673-773 K due to the occurrence of dynamic recovery and some limited grain boundary sliding.
Mechanical behavior and microstructural evolution at temperatures above 773 K
At higher temperatures, from 773 to 923 K, there is a strain hardening behaviour again.
This corresponds to grain growth and the accumulation of dislocations as shown in Fig. 8 (f) .
The elongations to failure increase with temperature above 773 K as shown in Fig. 5 (b) and these larger tensile elongations above the "blue brittle" temperature are a consequence of the grain growth. The results in Fig. 8(e ) and (f) show remarkable grain growth in the gauge length at 873 K and a very significant increase in the fraction of LAGBs to 55%.
Pictorial representation of the microstructural changes
It is appropriate to summarize these findings by developing a pictorial representation denoting the true stress-true strain behaviour and the corresponding microstructures of samples tested at elevated temperatures. This is shown in Fig. 9 where the EBSD-orientation images are also shown at the same scale where each image has a diameter of 10 μm.
The mechanical properties at elevated temperatures show that both the tensile strength and the ductility increase up to 10 turns of HPT processing. The highest measured elongation in these experiments was ~200% for the sample processed by HPT through 10 turns and tested at 923 K using an initial strain rate of 1.0 × 10 -3 s -1 . This elongation is outside of the superplastic regime which requires a minimum elongation of 400% [43] and therefore superplastic flow was not achieved in the CP-Ti after HPT. This observation is consistent with the results of mechanical testing at 673 K which gave a maximum elongation to failure of ~130% at 1.0 × 10 -4 s -1 for a specimen processed by HPT through 10 turns [29] .
The strength values of the HPT-processed samples increased at a faster rate than the CG samples at temperatures below 823 K as shown in Fig. 5(a) . In addition, elongations to failure of >130 % were achieved at 673 K and above 773 K after HPT processing and this is consistently higher than in the CG samples. Thus, it is concluded that the HPT-processed CP Ti exhibits a good combination of strength and ductility at temperatures in the range of 573-773 K. In addition, deformation in this temperature range as a warm deformation may be economical and thus more desirable and also may reduce the oxidizing condition. 3. The elongations to failure increased with temperature, reached a peak at 673 K and then decreased with an increase in temperature to 773 K and increased again at even higher temperatures. The decrease in elongation to failure at 773 K was attributed to cavity formation and blue brittleness.
Summary and conclusions
4. The HPT-processed Ti samples exhibited a good combination of strength and ductility in the temperature range of 573-773 K. An elongation of >130 % was achieved at 673 K and at temperatures above 773 K after HPT processing and this was substantially higher than in the CG Ti. Fig. 1. (a) Values of the microhardness versus distance from the centres of the disks: the lower dashed line shows the annealed condition, and (b) X-ray patterns near the edges of the disks after HPT processing for various numbers of turns at a rotation rate of 1 rpm. 
Figures captions
